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Abstract—The output behavior of a Nd:YAG solid-state laser 
actively Q-switched by a MEMS scanning micromirror is 
presented. Using a gold-coated micromirror, maximum average 
output powers of 50mW and pulse durations as short as 120ns 
were obtained with a dual beam output. This output pattern 
originates from a pulse emission when the micromirror is at an 
angle from the cavity axis.  The temporal and spatial behavior of 
this laser was experimentally characterized and then modelled 
using a numerical simulation of the laser rate equations. Finally, 
prospects for power-scaling this MEMS-based Q-switch 
technique are demonstrated using a dielectric-coated 
micromirror, which led to average output powers of up to 650mW 
and pulse energies above 40µJ.  
 
Index Terms—Solid-state laser, MEMS scanning micromirror, 
active Q-switch, laser dynamics 
 
I. INTRODUCTION 
n recent years, advances in silicon fabrication technology 
and in particular the development of multi-user silicon 
fabrication facilities have enabled the development of low-cost 
optical Microelectromechanical systems (MEMS) for laser 
applications. Most notably, scanning micromirrors have been 
integrated inside solid-state laser cavities as active mechanical 
Q-switches, enabling the generation of cavity-limited pulse 
durations at average powers exceeding 100mW [1]. Compared 
to more traditional active Q-switching techniques using 
acousto-optic modulators (AOM) or electro-optic modulators 
(EOM), this MEMS-based approach provides significant 
advantages in miniaturization, reduction of power-
consumption and cost. This technique particularly benefits 
from recent intense developments in optical MEMS generating 
new directions in optics [2]. Finally, the possibility of 
developing MEMS micromirror arrays will enable multiple, 
individually controlled, beam emission from the same laser 
gain medium impacting many applications in defense, industry 
and biology. 
Over the last few years, several types of MEMS devices 
have been used for intracavity temporal laser control, such as a 
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piezoelectric polymer vibrating mirror [3], a cantilever mirror 
[4]–[6], a membrane mirror [7]–[9] and a scanning 
micromirror [1], [10], [11]. In this way, active Q-switching of 
single [4], [7], [10] and multiple [5], [8] fiber lasers with pulse 
energies in the single µJ range and pulse durations as short as 
20ns for sub-µJ pulses have been reported. Similarly single 
[3], [11] and multiple [1] Q-switched outputs of solid-state 
lasers have been demonstrated with pulse energies reaching 
36µJ and minimum pulse durations of 30ns. A combination of 
active and passive Q-switching of a microchip laser to achieve 
sub-nanosecond pulse durations has also been reported [6], as 
well as mode-locked pulse operation of a fiber laser using a 
membrane deformable mirror [9].  
Theoretical models of the Q-switch laser dynamics were 
developed for solid-state lasers in the 1960s, e.g. by [12] or 
[13], with specific analytical descriptions of the temporal and 
spatial output of mechanical rotating mirror Q-switches shown 
using a rate equation approach [14] and a Fourier expansion 
technique of the electromagnetic field [15] shown in the 
1990s. The laser rate equations based approach considers the 
temporal output, with a description of the intracavity optical 
loss increase due to the rotation of the mechanical Q-switch 
needed for determining the pulse timing. To our knowledge, 
no full temporal and spatial description of the laser dynamics 
using a MEMS-scale scanning mirror with bi-directional 
movement, membrane mirror or cantilever mirror has however 
been developed yet. 
In this paper, a detailed analysis of the performance of a 
side-pumped Nd:YAG laser operating at  λ=1064nm and 
incorporating a MEMS scanning micromirror as an active Q-
switch is reported. This includes a description of Q-switch 
pulse timings and pulse durations together with the spatial 
laser output distribution with varying laser parameters. 
Additionally, the experimental results will be supported by an 
analytical model of the temporal output dynamics of the laser 
based on the rate equations.  
Section II describes the MEMS scanning micromirror used 
as an active Q-switch element while section III presents the 
experimental results, showing the temporal and spatial laser 
output characteristics. Section IV provides an analysis of the 
laser behavior based on the rate equation model for 
determining the temporal theoretical laser behavior. Finally, 
section V details the latest power-scaling development of this 
technique using dielectric coatings. 
Output characteristics of Q-switched solid-state 
lasers using intracavity MEMS micromirrors  
Ralf Bauer, Alan Paterson, Caspar Clark, Deepak Uttamchandani, and Walter Lubeigt 
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II. MEMS DESIGN, FABRICATION AND CHARACTERIZATION 
A. Micromirror design and fabrication 
The MEMS micromirror used in this work was fabricated 
using a multi-user silicon-on-insulator (SOI) commercial 
process [16] and has previously been described in [1]. The  
electrostatically-actuated scanning micromirror, made of a 
25m thick, phosphorous-doped silicon device layer and 
shown in Fig. 1, consisted of a circular 700µm diameter mirror 
suspended by two 750µm long and 12µm wide rectangular 
torsion springs. The length and width of the springs was 
chosen to induce mechanical resonance frequencies in the 
~10kHz range, while simultaneously achieving total optical 
scan angles (TOSA) in excess of 80º. The micromirror was 
actuated by a single-sided electrostatic comb-drive with 12 
pairs of interleaved moving and fixed comb fingers. A lateral 
gap of 6µm was present between these 160µm long and 10µm 
wide fingers.  
Inherent stresses in the SOI device layer, originating mainly 
from the inhomogeneous doping profile, led to an initial 
concave curvature of the mirror surface, measured using a 
Veeco NT1100 white light interferometer surface profiler at 
0.5m of radius of curvature (ROC). A scanning electron 
microscope image of the fabricated scanning micromirror can 
be seen in Fig. 2(a), including part of an array configuration 
which the used mirror belonged to. This array configuration 
and the resulting space constraints led to the use of the single-
sided comb-drive. This will induce additional oscillation jitter 
during the mirror actuation due to the asymmetry of the 
structure where the actuation point of the electrostatic force is 
off-axis. In [1], this oscillation jitter resulted in a minimal 
orthogonal movement during the desired resonant actuation. 
As the micromirror was intended to be used inside the laser 
cavity, the deposition of a high reflective (HR) coating at the 
desired lasing wavelength was required to maintain laser 
conversion efficiency. Consequently, a 240nm thick gold-layer 
was deposited on the mirror surface to ensure a reflectivity 
measured at 96% at λ=1064nm using a probe Nd:YVO4 laser. 
Thin-film stresses originating from the difference in 
Coefficient of Thermal Expansion (CTE) between gold 
(14.1·10-6K-1) and silicon (2.5·10-6K-1) [17] led to a 
modification of the mirror surface curvature with a final ROC 
of 0.22m (see Fig. 2(b)). 
B. Micromirror characterization 
The resonant movement shape and movement frequency were 
determined by the material parameters and device dimensions. 
A mechanical finite element method (FEM) simulation using 
COMSOL Multiphysics showed a resonant tilt movement, 
used for scanning the mirror through the laser alignment, at an 
eigenfrequency of 8.245kHz (see Fig. 3(a)), with an in-phase 
oscillation of the mirror and the actuating comb-drive 
electrodes. Further, parasitic, resonance eigenmodes of the 
micromirror are not excited during the tilt movement in this 
experiment but are located, according to the mechanical FEM 
simulation, at 5.88kHz for an in-plane bending mode, at 
11.60kHz for an out-of-plane piston mode and at 17.26kHz for 
an in-plane rotation mode. To experimentally evaluate the 
resonant movement frequency and TOSA, a probe HeNe laser 
was used. The micromirror was actuated by a 200Vpp square-
wave voltage signal with driving frequency values at 
approximately double of the mechanical resonance frequency, 
using a sub-harmonic driving scheme. The scanning mirror 
angular response to the voltage signal is shown in Fig. 3(b) for 
both an uncoated and coated mirror. The non-linear resonance 
shape observed in both cases was due to a softening behavior 
of the spring holding the micromirror. The uncoated mirror 
had a resonance peak frequency of 8.32kHz with a TOSA of 
73°, with the extra mass of the coating introducing a shift of 
425Hz to lower resonance frequencies. The peak resonance 
after coating was therefore measured to be at 7.895kHz with a 
TOSA of 77°. The shape of the frequency response curves led 
 
 
Fig. 1.  Schematic layout of the MEMS scanning micromirror including the 
layer structure of the used SOIMUMPs fabrication process. 
 
Fig. 2.  (a) SEM measurement of the fabricated micromirror and (b) 
modification of the mirror surface curvature due to the gold coating 
deposition. 
 
 
Fig. 3. (a) FEM simulation mode shape and resonance frequency for the 
uncoated mirror and (b) frequency response curve of the scanning movement 
before and after the gold coating. 
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to a chosen mirror actuation frequency of 15.81kHz to avoid 
inducing a breakdown of the resonance movement during Q-
switching, which could be caused by slight temperature 
imbalances and resulting frequency shifts of the resonance 
curve. 
III. EXPERIMENTAL LASER OUTPUT CHARACTERIZATION 
A. Laser cavity and measurement setup 
To characterize the use of this micromirror as an active Q-
switch device, a 3-mirror laser platform was built integrating 
the scanning MEMS as an end-mirror (see Fig. 4). A 63mm 
long, diode side-pumped Nd:YAG module (Northrop 
Grumman RBA30-1C2) was used as a gain medium while the 
output coupler (OC) was placed 30mm from the end-facet of 
the Nd:YAG crystal. A high reflective folding mirror 
(ROC=250mm) was placed 180mm away from the other end 
facet of the gain rod, building the second cavity arm with the 
MEMS placed at a distance of 130mm. The cavity was 
carefully aligned to place the optical axis through the exact 
center of the Nd:YAG gain medium. Moreover, the MEMS 
micromirror was placed so that the cavity was aligned when 
the scanning mirror was at the midpoint position of its 
scanning range. 
The spatial and temporal properties of the Q-switched laser 
output were measured using the configuration shown in Fig. 5, 
involving three fast (1.5GHz) photodiodes and a CCD camera 
(DataRay WinCamD-UC012-1310). Photodiode PD1 enabled 
the temporal measurement of the laser pulse while PD2 and 
PD3 provided an accurate measurement of the center point of 
the micromirror scanning movement and its direction. The 
spatial output profile of the laser output was measured at 
various distances from the OC using the CCD camera  
B. Laser output characterization  
Using a T=17% OC and a side-pump power of 48W, active Q-
switching delivering an average output power of 50mW was 
obtained when the MEMS mirror was operated at a mechanical 
resonance frequency of 7.905kHz providing a TOSA of 63⁰. In 
this case, the pump power value was limited to avoid potential 
damage to the micromirror gold coating due to excessive heat 
arising from the absorbed intracavity power in the coating 
layer. Two distinct output beams could be observed, as 
displayed by the transverse intensity profile taken using a CCD 
camera with an integration time larger than 50ms and at a 
distance of 150mm away from the OC (Fig. 6).  The beam 
quality factor of both beams was measured to be identical 
(M2=1.1). Using a faster detector, both beams were shown to 
emit in a sequential manner (i.e. the pulse train of both beams 
had an identical pulse repetition frequency (PRF) albeit 
delayed by half the period). The temporal behavior of both 
output beams including their combined pulse train, actuation 
signal of the micromirror and the cavity alignment crossing by 
the micromirror is shown in Fig. 7. One output pulse was 
 
 
Fig. 4. Schematic of the 3-mirror laser cavity setup. 
 
 
Fig. 5. Measurement schematic for temporal and spatial laser output, PD1-
3: photodiode, L: lens, CCD: CCD camera, M: flip-able mirror, HeNe: probe 
laser, PM: power meter. 
 
 
Fig. 6. Spatial output profile of the Q-switch output for the 17% OC with 
average output power of 50mW at a distance of 150mm from the OC showing 
the characteristic double spot. 
 
 
Fig. 7. Pulse train, cavity alignment crossing by the MEMS and voltage 
actuation signal for the cavity using the 17% OC and an average output 
power of 50mW. 
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emitted as the scanning mirror passes through the cavity 
alignment. This resulted in the emission of two output beams 
with pulses of similar pulse duration per full mechanical 
movement cycle. Consequently, the PRF of each beam 
corresponded to the mechanical resonance frequency of the 
scanning micromirror. 
The dual beam transverse output profile is induced by the 
pulse build-up time, which delays the pulse emission. Since the 
mirror rotates throughout this build-up time, the pulse is 
emitted at an angle in respect to the cavity alignment. The bi-
directional movement of the scanning micromirror leads to the 
emission of this dual beam pattern, whereby a pulse delay time 
td between the optimum cavity alignment crossing and pulse 
emission could be measured. For the case of an average output 
power of 50mW, using the T=17% OC, this delay time was 
measured at 400ns as shown in Fig. 8. The shape of the 
emitted pulses is also displayed with a full-width-half-
maximum pulse duration of 120ns. The resulting pulse 
energies and peak powers were 3.6µJ and 26W respectively. 
The pulse timing and amplitude jitters were measured to be 
15ns±8ns and around 25% respectively. It is believed that they 
mainly originate from pump fluctuations and from an 
oscillation jitter of the micromirror discussed in section II.A. 
Further discussion of this dual beam behavior, using the 
theoretical model, will be shown in section IV. 
To evaluate the temporal and spatial characteristics of the 
output beams for varying gain settings of the side-pumped 
Nd:YAG module, the laser cavity from Fig. 4 was repeatedly 
built using four OCs with transmission values ranging from 
41% to 10%. In each case, the cavity alignment coincided with 
the axis running through the midpoint of the gain medium, 
leading to identical pulse durations and pulse delays for output 
pulses from both micromirror movement directions. The 
threshold for cw laser actuation was obtained at a pump power 
of 96W, 66W, 48W and 37W for these cavities, using a 41%, 
29%, 17% and 10% OC respectively. The resulting Q-
switched pulse durations and pulse delay times delivering an 
average output power of 25mW are shown in Fig. 9(a) and Fig. 
9(b) respectively. As expected, both time values rise with 
decreasing OC transmission and therefore reduction of the 
optical pump power. The pulse delay time ranged from 250ns 
for the cavity using the 41% OC to 490ns for the cavity using 
the 10% OC, with a pulse duration ranging from 90ns to 150ns 
for the respective cavities. 
The minimum possible pulse duration for a given laser 
cavity can be estimated using [18]: 
 
)ln(1.8 G
t r
c ⋅≈τ  (1) 
 
where tr is the cavity round-trip time and G the unsaturated 
round-trip gain. A 500mW cw Nd:YVO4 probe laser at 
λ=1064nm  was used to determine the single pass gain at the 
center of the Nd:YAG rod, which is displayed in Fig. 10.  For 
the four cavity configurations described above, this leads to 
 
 
Fig. 8. Single output pulse and MEMS cavity alignment crossing signal, 
including the graphical definitions for the pulse delay time td and pulse 
duration τ for the cavity using the 17% OC and an average output power of 
50mW. 
 
 
Fig.9. Variation of (a) the pulse duration τ and (b) the pulse delay time td for 
the four OC transmissions and average output power settings of 25mW. 
 
 
 
Fig. 10. Single pass gain measurement of the Nd:YAG pump module. 
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round-trip gains of 1.52, 1.34, 1.23 and 1.16, respectively, and 
subsequently to minimum pulse durations of 60ns, 80ns, 120ns 
and 160ns, respectively. Since these calculated values are in 
the same order of the measured values, we can conclude that 
these MEMS micromirrors are efficient active Q-switches in 
these types of solid-state laser cavities. 
Finally, the respective transverse midpoint separation 
between both output beams on a plane situated 150mm away 
from the OC was measured in all four cases and is shown in 
Fig. 11. This measurement was repeated at several planes 
leading to the calculation of an angle between each spot in 
respect to the cavity midpoint axis of less than 0.5mrad, with a 
converging tendency between both spots. In the case of the 
17% OC, a slight decrease of the pulse delay time can be 
observed (Fig. 9(b)). This led to a reduced spatial distance 
between both beams as seen in Fig. 11. Such a trend cannot be 
fully explained yet but we believe that, in this case, the cavity 
alignment produced slightly higher intracavity losses (γ0) than 
in the other cases. In these lasers, this would lead to an 
increase of the ratio between the pump power delivering 
25mW of output power and the pump power at cw threshold 
(expressed as k in equation (5)). The simulation described in 
the next section will demonstrate that this will ultimately lead 
to a reduction of the pulse delay time.  
IV. THEORETICAL MODEL OF SCANNING MICROMIRROR 
 Q-SWITCH LASER DYNAMICS 
In this section, the laser rate equations are applied to our 
cavities including the experimentally measured dynamic loss 
induced by the micromirror rotation. The results are then 
presented and discussed. 
A. Analytical rate equation model 
The analytical simulation model describing the temporal laser 
output behavior in a Q-switched regime is based on solving the 
dynamic laser rate equations, similar in its basics to the work 
presented by Midwinter [13] and Lukac [14] on bulk rotating 
mirror Q-switches. The rate equations describing the temporal 
variation of the inversion population density n and the photon 
density φ can be written in the form [19]: 
 
cn
dt
dn φσ−=  (2) 
.
)(






−=
rc
a
t
t
cn
l
l
dt
d γ
σφφ  (3) 
 
where σ is the stimulated emission cross-section, c the speed of 
light in the gain medium, la the length of the gain medium, lc 
the length of the overall laser cavity, γ(t) the time-dependent 
loss per cavity round-trip and tr the cavity round-trip time. The 
time-dependent loss can be described by: 
 
.)(1ln)( 0 tRt MEMSOC
γγγ ++





=
 (4) 
 
and includes the losses induced by the OC reflectivity ROC, the 
intrinsic optical losses γ0 at perfect alignment of the MEMS 
micromirror and the time-dependent losses γMEMS due to a 
misalignment of the cavity, originating from the rotation of the 
scanning micromirror. In the case of AOMs or EOMs-based 
Q-switching, this time-dependent contribution is usually 
approximated by a step function, while in our case, a 
description of the time dependent loss function is required. In 
previous work on bulk rotating mirror Q-switches, this time-
dependent function has been described in the form of a cosine-
function [13] or a linear fit to measured values around the 
mirror midpoint position [14]. The angular-dependent loss 
contribution in our laser cavities will be experimentally 
determined in the following sub-section.  
The ordinary differential equation system expressed in (2) 
and (3) is solved using a Matlab-based Runge-Kutta method. 
In this numerical approach, the boundary conditions of the 
initial population inversion density n0 and initial photon 
density φ0 are required to describe the system before pulse 
emission. With no cavity alignment at this point, φ0 = 1 can be 
assumed which represents the optical noise from which a pulse 
build-up occurs. The value of n0 can be estimated using the 
ratio of the pump power Pp and the pump power at threshold 
for cw output Ppc combined with the critical inversion density 
at threshold nic [20]: 
    
 
ic
pc
p
n
P
P
n ⋅=0
 (5) 
 
with the pump ratio k defined as k = Pp/Ppc and nic as 
    
 
a
oc
ic l
R
n
σ
γ
2
ln 0+−
=
 (6) 
 
B. Angular dependent cavity loss determination 
To determine the angle dependent loss function γMEMS(t) 
required for solving equation (4), a Caird-analysis [21] was 
performed for a range of mirror tilt angles. The Caird-analysis 
uses the relationship between the slope efficiency ηs and 
 
 
Fig. 11. Variation of the spatial distance between the two transverse output 
spots with changing OC transmission, measured at a distance of 150mm.  
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output coupling fraction T to determine the cavity losses in the 
form 
    
 ( )1101 1 −−− += TLs ηη  (7) 
 
where η0 is the limiting slope efficiency in the absence of 
passive losses and L the combination of γ0+γMEMS. To ensure 
accurate measurement of the slope efficiency, output powers in 
excess of 1W are required and could lead to micromirror 
damage. Consequently, a HR bulk mirror with similar surface 
curvature to that of the micromirror (ROC=250mm) was 
placed in a gimbal mirror mount. The rotation center of the 
mount was placed at the position of the MEMS micromirror it 
was replacing in the cavity. 
The resulting determined loss values for mirror tilt angles 
between 0mrad and 5mrad are shown in Fig. 12, including a fit 
to the measured values. This fit defined the loss when the 
micromirror was perfectly aligned, γ0, as 0.33 while the 
dynamic losses can be expressed as: 
 
 ( ) ,)(cos1)( piθγ +⋅+= tAtMEMS  (8) 
 
where A is a fitting parameter to the measurements (A=42 in 
this case) and θ(t) originates from the bi-directional movement 
of the mirror and can be written as: 
 
 ( ) ,2cos)( max tft piθθ =  (9) 
 
where f is the mechanical resonance frequency of the 
micromirror and θmax the maximum amplitude of the 
mechanical mirror scan angle. 
C. Simulation model results 
To numerically solve the rate equation model, start and end 
times for the simulation are required. These values refer to the 
time points at which the micromirror allows pulse propagation 
through the gain medium. In these laser cavities, these values 
correspond to time points taken about 680ns before and after 
the passage of the mirror normal incidence angle through 
optimum cavity alignment. Numeric simulations were 
performed for the four laser cavities described in the previous 
section. The different output coupling values resulted in 
different pump ratios k due to the associated variation in laser 
thresholds and slope efficiencies. The resulting intracavity 
photon densities temporal distribution for the four cases are 
shown in Fig. 13, with the zero position of the pulse delay time 
set when the mirror is at optimum cavity alignment. The pump 
ratios k were measured at 1.3, 1.39, 1.59 and 1.82, for the 
cavities using the 41%, 29%, 17% and 10% OC respectively. 
As expected, this increasing trend for k is due to a reduction of 
the laser conversion slope efficiency. 
This numerical calculation was also performed in the case of 
the 17% OC cavity, delivering a 50mW average output power. 
The variation of the pulse delay time and peak photon density 
are shown in Fig. 14 for increasing pump power ratios. An 
increase in k results in shorter pulse delay times due to the 
increased initial population inversion density. Consequently, 
the pulse emission at the exact point of the micromirror 
crossing through the cavity alignment could be obtained for a 
value of k=1.95. At this point, the two output beams would be 
perfectly overlapped, leading to the emission of a single output 
beam with twice the PRF of one of the dual beam outputs. For 
higher pump ratios, the pulse delay times will turn negative 
leading to a change in the beam association with one of the 
 
 
Fig. 12. Measurement of the angular dependent cavity losses using a Caird-
analysis with an HR equivalent mirror. (N.B. the reduction in accuracy at the 
5mrad angle is due to the limited pump power range available) 
 
 
 
Fig. 13. Simulated photon density for the laser cavity configurations with 
25mW average output power presented in the experimental part. 
 
 
Fig. 14. Simulated pulse delay time and peak photon density with variation 
of the pump power ratio for the cavity using an OC with T=17%. 
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mirror rotation directions. Further increasing the pump ratio 
will ultimately lead to multiple pulsing per mirror scan.  
V. POWER-SCALING USING DIELECTRIC COATED 
MICROMIRRORS 
To increase the laser efficiency and reduce any thermally-
induced deformation of the micromirror surface, a HR 
dielectric coating was applied to the MEMS micromirror. This 
coating consisted of 9-pairs of λ/4-thick Nb2O5 and SiO2 layers 
deposited using ion-assisted electronic beam deposition. In 
order to reduce any stress-induced deformation of the 
micromirror surface, this process consisted of four deposition 
steps separated by a full venting of the reaction chamber. In 
this way, surface deformation was minimized and the resulting 
concave curvature was measured at ROC=0.2m. Using a probe 
laser beam at λ=1064nm, the reflectivity of the mirror surface 
was measured at R=98%. In addition, this coating deposition 
resulted in a slight variation of the mechanical resonance 
frequency of the micromirror (now measured at f=7.93kHz) 
but without any noticeable impact to the maximum scanning 
angle. 
This dielectric-coated micromirror was inserted in the 
cavity described in Fig. 4, using the 17% OC and a MEMS 
cavity arm elongated by 10mm. Stable Q-switched oscillation 
of the MEMS laser was obtained with average output powers 
of up to 650mW for 55W of side-pump power. Again, the dual 
beam emission described in section III could be observed (see 
Fig. 15(a)). The shape of a typical pulse is shown in Fig. 15(b) 
with a duration of 110ns, which is comparable to the cavity 
limit estimated from [18]. The resulting pulse energies and 
peak powers are 41µJ and 370W respectively. Thermally-
induced instabilities of the MEMS resonance movement due to 
the absorption of the laser light within the silicon chip limited 
the maximum output power and had an impact on the 
transverse intensity profile as shown in Fig. 15(a).  
VI. DISCUSSION 
To ensure the long term stability shown by MEMS 
micromirror technology, it is important to devise an efficient 
thermal management strategy for intracavity laser applications. 
First and foremost, this strategy relies on the deposition of HR 
dielectric coatings, as described above, in order to minimize 
any light absorption within the silicon device. Laser 
conversion efficiency will also be significantly improved by 
the use of HR coatings ensuring R>99.5%. Furthermore, active 
cooling using Peltier elements will also alleviate thermal build-
up and enhance long-term stability of the micromirrors. It must 
also be noted that this thermal build-up will be avoided in the 
transparency range of silicon (i.e. λ>1.4µm).  
The simulations based on the rate equation approach 
described in section IV, are in agreement with the 
experimental characterization of the solid-state laser. This 
simulation could be further improved by undertaking a full 
spatial simulation approach of the dynamics of both the 
micromirror behavior and the laser. For example, this could be 
based upon a Fourier expansion simulation of the em-field or 
upon a FEM simulation of the oscillating em-field inside the 
cavity. However, these approaches would require highly 
complex calculations while still relying on assumptions 
concerning the two-way interaction between the micromirror 
and the laser cavity. 
VII. CONCLUSION 
The output characteristics of a Nd:YAG solid-state laser 
actively Q-switched by a MEMS scanning micromirror were 
presented. A dual beam output profile was observed and its 
origin discussed together with an investigation of the influence 
of varying laser cavity parameters.  
Using gold-coated micromirrors, maximum average output 
powers of 50mW were obtained with pulse delay times in the 
order of 400ns and timing jitter of ~15ns. A numerical rate 
equation model was also developed based on this laser. 
Finally, power-scaling of this Q-switch technique was 
achieved using dielectric coatings on the micromirror surfaces 
resulting in average output powers of up to 650mW and pulse 
energies of 41µJ. Further investigations in improving the 
properties of dielectric coatings are ongoing to further power-
scale this technique and obtain pulse emission with zero delay 
time (i.e. single output beam emission). 
This low-cost, energy efficient, miniature Q-switching 
technique is driven by the rapid development of optical 
MEMS technology. Through this, independent multi-beam 
output from a single laser gain medium can also be achieved 
by using MEMS micromirror arrays. Therefore this method 
has the potential to impact laser engineering with industrial, 
medical and defence applications.  
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